HDPE tube sealed at the bottom was installed as a casing. Within the borehole 23 CS109 (Campbell 103 Scientific) thermistors with an accuracy of 0.1°C were installed at depths of 0.3, 0.6, 0.8, 1,1.3, 1.6, 104 2.6, 5, 7, 9, 10, 11, 12, 13, 14, 15, 16, 18, 21, 24, 26, 28, 30 m and wired into a CR1000 datalogger 105 (Campbell Scientific). In addition three thermistors were installed at 2 cm depth in three different 106 adjacent locations to quantify spatial variability in the ground surface temperature (GST). One 107 thermistor was installed very close to the borehole (Fig. 2a) on a subhorizontal rock surface (A) 108 while the other two were installed further away, respectively on a subhorizontal (B) and a 109 subvertical rock surface (C, Fig. 2b ). Temperatures at the surface and down to 1.3 m depth in the 110 borehole were recorded hourly while, at deeper depths, daily minimum, maximum and mean values 111 were recorded. Snow depth was measured weekly visually on 5 stakes. The stakes are marked every 112 0.1 m, giving a measurement accuracy of ± 0.02 m. The stakes were also photographed on each 113 measurement occasion. 114
The thermal diffusivity and specific heat of the granodiorite sampled in the borehole were measured 115 in the laboratories of NETZSCH-Gerätebau GmbH (Selb, Germany) using a NETZSCH model 457 116
MicroFlashTM laser flash diffusivity apparatus equipped with a high-temperature furnace capable 117 of operation from -125°C to 500°C. The sample chamber is isolated from the heating element by a 118 protective tube allowing samples to be tested under vacuum or in an oxidizing, reducing or inert 119
atmosphere. The thermal diffusivity measurements were conducted in a dynamic helium 120
atmosphere at a flow rate of c. 100 ml/min between -3°C and 0°C. A standard sample holder for 121 samples with a diameter of 0.0126 m was used. The temperature rise on the back face of the sample 122 was measured using an InSb/MCT detector. The samples were coated with graphite on the front and 123 rear surfaces in order to increase absorption of flash light on the front surface of the samples and to 124 increase emissivity of the rear surface. The data presented are the mean of 5 individual tests. 125
The standard deviation of five shots at each temperature was less than 2%. The specific heat 126 capacity was measured using the ratio method of ASTM-E 1461 (ASTM, 2007) with an accuracy of 127 better than 5%. The system was calibrated with a standard material (Pyroceram, 0.0127m diameter, 128 0.002 m thick). The density of the rock at room temperature was determined using the buoyancy 129 flotation method with an accuracy better than 5%. 
where ka is the rock thermal diffusivity calculated from amplitude (m 2 day -1 ), kp is the rock thermal 143 diffusivity calculated from the phase lag (m 2 day -1 ), P is the time period of the thermal wave 144 considered (days), z 1 and z 2 are the measuring depths (m), A 1 and A 2 are the amplitudes of the 145 temperature variations at z 1 and z 2 (°C) and t 2 -t 1 is the phase lag during the period P (days). 146
The thermal offset was calculated as the difference between the mean annual temperature measured 147 at the depth closest to the permafrost table and the mean annual ground surface temperature 148 (MAGST) of sensor A (as the closest to the borehole) (Goodrich, 1982) . Potential freeze-thaw 149 events (PFTE) were calculated as the number of times that daily or hourly mean temperature 150 crossed the threshold of 0°C divided per two (Strini et al., 2008) . 151
In order to better describe the environmental conditions, ground thermal regime and the 152 relationships between air temperature and ground surface temperature, the following factors were 153 quantified: i) the degree days of freezing (DDF, sum of degree days below 0°C), ii) the degree days 154 of thawing (DDT, sum of degree days above 0°C), iii) the n-factor (n t ) as the ratio of the degree-day 155 sum at the soil surface to that in the air for the thawing period (following Klene et Air temperature was generally lower than the GST recorded at all three sensors during the summer, 198
while it was roughly equal to the GST at sensor C and higher than GST at sensor A during the 199 winter (Fig. 4a) . Air temperature and GST at the three locations showed the lowest correlation at 200 sensor A (Table 1) . 201
The differences among the three sensors are further illustrated in Table 2 . Sensor A showed a mean 202 GST during the summer (DJF) ranging between 2.5 and 4.4°C, which is lower up to 3°C than at the 203 other sensor locations. DDT and PFTE were also much lower at sensor A. In addition, Fig. 4b  204 shows at the ground temperature had more attenuated fluctuations throughout the year at sensor A, 205 where a zero curtain period was also recorded (December 2010).
206
The n-factor during the thawing season (N t ) at sensor A was roughly 50% lower than at the other 207 sensor locations. 208
The TSI recorded at sensor A was roughly half (187) that of the other subhorizontal sensor B (300) 209
and only approximately 30% of that of the subvertical sensor C (441), indicating that the thermal 210 stress was much lower at sensor A (table 2) . 211
These characteristics are consistent with the location of sensor A, showing a deeper and more 212 prolonged period of snow cover relative to the other sensors. 213 214
Snow variability 215 216
Snow depth variability was large both spatially (intra-annual) and temporarily (inter-annual), and 217 dependent on micro topographical characteristics (Figs. 5a,b, Table 3 ). Among the five points 218 monitored weekly, S2 and S4 showed the greater accumulation. In particular S2 reached a 219 maximum snow thickness exceeding 1 m and experienced a longer duration of snow cover (except 220 during 2010). Snow accumulation was much lower at the remaining three locations with S5 almost 221 always snow-free and S1 and S3 extremely variable interannually both in terms of snow depth and 222 duration. The maximum snow depth ranged between 1 and 142 cm (during 2010), with mean depth 223 ranging between 10 and 21 cm. The number of snow-free days varied widely between years. The 224 points with the largest accumulation did not necessarily show the minimum number of snow-free 225 days (e.g. in 2009, S2 showed greater snow depth than S4 but for a shorter period). The large 226 differences were primarily related to wind redistribution and dependent on the roughness of the 227 surface at meso-(slope scale) and microscale (block scale). (Table 4 ). The maximum 251 depth of the 0°C isotherm calculated through the interpolation of all the daily maximum ground 252 temperature values was very similar to that obtained from the linear interpolation of the annual 253 maximum temperatures at the monitored depths (see Table 4 ). The thermal diffusivities calculated 254 within the permafrost (below 1.6 m depth) were relatively stable over time at least in the first 15 m, 255 and generally increased below this depth. Above this depth thermal diffusivity ranged between 256 2.42*10 -6 and 4.44*10 -6 while below 15 m values were between 1.09*10 -6 and 3.17*10 -5 (Table 4) . 257
The thermal properties calculated in the laboratory from a sample collected at 25 m depth (see 258 Zagoridnov et al., 2012) and the thermal conductivity calculated in laboratory at -3°C (Table 5 ). 265
The permafrost profile (Fig. 9) included fluctuations below the ZAA that suggest a recent 266 alternation of cooling and warming periods, which may be related with the patterns observed in air 267 temperature in the last 20 years (Fig. 3) . 268
The analysis of the permafrost profile suggests a permafrost thickness greater than that calculated Relations between snow, air and ground temperature 276 277
The strong linear regressions between GST and air temperature for sensors B and C indicate that 278
GST follows the temporal pattern of the air temperature. In both cases ground temperatures were 279 higher than air temperatures except in winter when the solar radiation was minimum. In the location 280 of the sensor A, where the linear regression was much weaker, GST was slightly lower than air 281 temperature except during the mid-summer months, giving a mean annual ground temperature 282 roughly equal to the MAAT (-3.7 vs -3.8°C). All the temperature indices (DDT, n-factor , zero 283 curtain, TSI etc.) are consistent with sensor A having a deeper and more prolonged period of snow 284 cover relative to the other sites. These suggestions are confirmed by the snow data, with sensor A 285 corresponding to the snow cover recorded at the S4, stake while sites B and C were similar to the 286 results of S5 stake. Despite the low relief of the ground, the strong winds typical of this area result 287 in a very large snow cover variability, with the depressed and leeward sites experiencing seven-fold 288 less snow-free days (A) relative to the surrounding more exposed sites. 289
The net annual effect of snow cover on sensor A was a cooling of the ground surface and, at the 290 same time, reduction in the magnitude of temperature fluctuations. This effect is due to different 291 processes depending on the season time of the year. In summer and to some extent in spring, the 292 main process are i) the insulating effect of the snow cover, ii) the latent heat fluxes due to snow 293 melt and, iii) the higher albedo at sensor A than at the snow free surfaces (Cook et al., 2008). In 294 autumn and, in particular, in winter, when the short wave radiation is minimum, the insulating 295 effect of the snow cover in the study site was exceeded by the net balance of the long wave 296 radiation. With thin snow cover (< 0.2 m), as in location A, the higher emissivity of the snow (0. 
